Towed-streamer receivers are in use for efficient acquisition of controlled source electromagnetic (CSEM) data. We investigate the contribution to the noise made by voltages induced, according to Faraday's law of induction, in the telluric cables moving in the Earth's magnetic field. We consider the Earth's magnetic field to be spatially-invariant over the length of the receiver cable, and consider it to be either constant, or time variant. If the cable is straight behind the vessel, following the ship's track, there is no induced voltage. If there are cross-currents and if the Earth's magnetic field is time variant, there can be induced voltages which increase which the feathering angle, the length of the electric dipole receiver, and the magnitude of the rate of change of the magnetic field. Using a maximum feathering angle of 10° and the dipole length of 1100 m, the estimated noise is about two orders of magnitude less than the measured noise. We conclude that this is not the main source of noise. There must be some other mechanism causing the dominant component of the noise.
Introduction
A fast and efficient way to collect marine controlled source electromagnetic (CSEM) data is by towing a long flexible streamer cable and an electric current bi-pole source at 4-5 knots (Engelmark et al., 2013) instead of the traditional node-based system. The sensor streamer contains pairs of electrodes distributed along the cable with a buoy located at the tail. The potential difference is measured between pairs of electrodes.
The performance of the towed EM system is to a great deal dependent on noise levels in the acquired data. The movement of the EM streamer in the geomagnetic field due to tidal currents and wave motion generates an induced electromotive force in the electrical conductor in the streamer according to Faraday's law of induction. This induced voltage, in addition to the background magnetotelluric field is noise that can degrade the signal coming from the sub-surface resistors. Burrows (1972) and Mattsson et al. (2012) suggest that the induced noise is a significant source of noise in the measured data.
The aim of this paper is to investigate the potential contribution of the induced noise in the towed EM system based on Faraday's law of induction. First, we show how Faraday's law of induction is applied to the towed EM system. Then, we calculate the induced noise amplitude based on Faraday's law of induction following Cheng (1989) . Through this methodology, we demonstrate that the noise generated by electromagnetic induction is small compared with the noise that has been measured in a towed EM streamer.
Theory of induced noise: Faraday's Law of induction
Consider two electrodes connected to each other by a cable in the presence of a uniform magnetic field B. If the cable between the electrodes is not fully stretched, the straight line between the electrodes and the cable creates an electric loop C with a surface area S (Filloux, 1973) as shown in Figure 1 . Figure 1 Electric loop created by the cable connected to the electrodes and the straight line between the electrodes. The magnetic field B is pointing downward (blue crosses) and the normal to the surface n is pointing upward (pink circle). The surface area S is hatched in red.
A change with time (∂ /∂t) in the flux linkage Φ = B · S through the surface area S gives rise to an electric field E around the electric loop C. The quantity C E · dl is known as the induced electromotive force (emf) ε. The mathematical form of Faraday's Law is:
where B is the magnitude of the geomagnetic field B within the surface area S, and α is the angle (in degrees) between the perpendicular part of the uniform magnetic field B and n the unit normal of the surface. B and n have the same direction but opposite sign. Therefore, sin α = sin(180 • ) = 0 and the last term in Equation 1 is zero.
From Equation 1 it can be seen that an emf can be induced between pairs of electrodes in four ways: (1) A change in the magnetic field strength (∂ B/∂t); (2) variation of the surface area enclosed by the loop with time (∂ S/∂t); (3) variation of the angle between the magnetic field and the area vector with time (∂ α/∂t) and (4) any combination of these factors.
Noise estimation in a towed EM streamer Engelmark et al. (2013) give the noise level in a towed streamer of approximately 10 −13 V Am −2 ( √ Hz) −1 at 10 −1 Hz based on a notional source dipole moment of 1.2 MAm. In this paper, we convert this to units of V m −1 (Volts per metre). Scaling by the source dipole moment and dividing by the square root of noise length √ 20 s (Engelmark et al., 2013) , the induced electric field noise is:
We discuss separately the case of a moving streamer in a static and time-varying geomagnetic field.
Moving streamer in a constant Earth's magnetic field
The electrical noise generated because of the EM streamer movement in water is expressed as (Cheng, 1989) :
where l a , l b (m) are the electrode positions and v (m s −1 ) is the streamer velocity relative to the Earth. We consider a x and a y as unit vectors in the x and y directions, respectively. Two cases are considered: first, when cross-currents in the sea are insignificant as shown in Figure 2a , and, second, when the streamer is deviated from its track by cross-currents as illustrated in Figure 2b . The streamer is shown as it sails in a cross-current. The streamer shape is assumed to be an arc of radius r. S a is the surface area between the pair of electrodes receiver (hatched in red) and θ the feathering angle. for the differential length dl, the geomagnetic field B and the velocity v are respectively:
The sensor streamer is towed in the in-line direction, thus its velocity in the a x -direction v x is greater than in the a y -and a z -direction (i.e. v x v y , v z ). In addition, B z B y , B x . Therefore, Equation 3 becomes:
That is to say, when the streamer is towed behind a vessel in the same direction as the track path, the electrode pair cross no magnetic flux. Therefore, no induced voltage is generated.
Case 2) A common problem in marine acquisition are currents that cause the streamer to deviate from its desired acquisition track line in a curved shape (Krail and Brysk, 1989) , as illustrated in Figure 2b . The angle between the line from the vessel to the tail buoy and the line of the vessel's track is known as the feather angle (Krail and Brysk, 1989) . The average feathering angle is generally less than 10 • (Sheiman, 1990) .
The velocity of the cable relative to the Earth, v, and the geomagnetic field, B, will not change. However, the differential length, dl, expression becomes:
where θ 10 • is the feather angle. Substituting Equation 5 in Equation 3:
There is no time variation in Equation 6, this will therefore generate a DC shift. However, any change in the velocity of the streamer v x changes the magnetic flux passing through electrical conductive part of the streamer, and therefore an induced voltage is generated between the electrodes. If the vessel changes speed from v i to v f in time t t ,
Where a is the acceleration. The induced voltage acting across the pairs of electrodes is then:
From Equation 8, it is important to observe that the acquisition vessel or the streamer has to accelerate over a certain period of time t t in order to generate an induced voltage. However, the long term speed of the vessel is constant over the acquisition line. No induced voltage is generated; i.e, ε = 0 V . In addition, when the feather angle θ = 0 • , no induced voltage is created.
Moving streamer in a time-varying magnetic field
Previously, we assumed that the Earth's magnetic field is constant over time. However, there are fluctuations which occur in the Earth's magnetic field. Because ∂ B ∂t is not zero, an induced voltage is generated between a pair of receiver electrodes (Cheng, 1989) :
The line integral on the left-hand side is the induced electric field due to the time variation of the magnetic flux density through the surface; the second term represents the induced electric field due to the motion of the cable within B.
We assume that the vertical component of the magnetic field B z is uniform in space. Therefore Equation 9 is:
dividing Equation 10 by L, yields the following equation:
Equation 11 demonstrates that for feather angle θ = 0 • , as shown in Figure 2a , an induced electric field of amplitude − ∂ B z ∂t S L is measured. We can also observe that the induced voltage per meter is inversely proportional to L. Even if θ = 0 • (Figure 2b) , the average speed of the streamer in an acquisition line is constant. In either case, the voltage induced during the towing process is
Tromsø Geophysical Observatory which is the nearest station to the acquisition area gives a maximum value of ∂ B z /∂t ≈ 3.2 × 10 −10 V m −2 at 10 −1 Hz. In addition, the maximum receiver bi-pole length is 1100 m (Engelmark et al., 2013) . The surface S between that pair of receiver electrodes is:
The surface area S required to produce the measured noise is 9.3×10 4 m 2 . However, the surface area (S a ) subtended by a curved receiver 1100 m in a 8.7 km cable with a feather angle of 10 • as shown in Figure 2b is 1.4 × 10 3 m 2 . This is the maximum possible value for S a . This area is approximately two orders of magnitude too small to account for the noise. We conclude that the measured noise cannot be caused by electromagnetic induction according to Faraday's Law.
Conclusions
We conclude that the measured noise is two orders of magnitude greater than the maximum noise that can be generated by electromagnetic induction in the receiver cable according to Faraday's Law of induction. There must be some other mechanism generating the dominant component of the measured noise.
